DSMC Computation of Plume Back Flow
For 
Goal:
Develop a computer code to model nozzle and plume flows of arcjets for device design and prediction of spacecraft interaction effects.
Models/Algorithms:
Chemical kinetics + simple plasma model. Direct Simulation Monte Carlo (DSMC) method: -implemented on parallel computer (IBM SP2) -11 million particles, 32 processors employed.
Example shown here:
Prediction of ammonia contamination in back flow region to be measured by ESEX flight experiment. This work determines minimum performance levels for various micro-EP technologies to perform several selected microsatellite cluster missions. It considers in some detail the linear ion engine concept proposed by JPL, which is analyzed using Brophy's model and Arakawa's ancillary codes. The first conclusion was that the highest conceivable B field would yield negligible electron confinement benefits at the 0.1 mm scale , and could be ignored. Without it, and given the very open-faced geometry, the beam ion production costs were in excess of 4000 V. As a consequence, the micro-ion engine, in the configuration studied, was found to be inferior for the missions considered to cold gas propulsion. Improvements are required in both electron and neutral gas confinement; with an assumed "grid" transparency to neutrals of 0.26, the ion cost dropped to 1100 V. This research was done by G. Yashko, under contract to JPL ("Ion Micropropulsion and Cost Modeling for Satellite Clusters," MS Thesis, MIT, Aero/Astro, June 1998).
ARCJETS
The Hydrogen arcjet model of S. Miller was extended to include the presence of small amounts of cesium. The objective was to critically evaluate the 1-D results of F. Oyerokun (IEPC 95-236) and his subsequent stability analysis (IEPC 97-012), which had found that levels of seeding of the order of 1-2% by mass could virtually eliminate arcjet frozen losses, while retaining specific impulses of the order of 800 s. A critical consideration was the ability of the seeded discharge to remain diffuse without snapping into the familiar constricted configuration with high ionization of the parent gas. The work has confirmed this (as shown in the figure), and has added realism in many areas of the problem, while confirming in its main outlines the previous results. Because of the near-uniform current distribution, the constrictor will have to be insulating or segmented, but this may be possible, since the gas temperature does not exceed about 3000K. This work was done by D. K. Robertson: "A Two-Dimensional, Non-Equilibrium Numerical Model of an Alkali-Seeded Hydrogen Arcjet Thruster," MS Thesis, MIT Aero/Astro, June 1998. It will be presented at the 34th JPC.
HALL THRUSTERS (COMPUTATIONALI
There are several efforts underway in this area, including that by M. Fife, J. Szabo and S. Qarnain, all of whom will be presenting papers at the 34th JPC. The relevant figure is from S. Qarnain ("Issues Regarding a Complete Computational Model of a Hall Thruster, from the Acceleration Channel Through the Plume", MS Thesis, MIT, Aero/Astro, June 1998). This is an extension of previous 2-D and 3-D Hall plume modeling work by D. Oh (MIT Ph.D. Thesis, Feb. 1997). The current computational plume model tracks the formation of chargeexchange ions in the near plume, and their subsequent self-consistent trajectories outside the plume. When these trajectories impinge on external surfaces, such as solar panels, the code uses angle and energy-dependent sputtering models to accumulate surface loss at various locations. Qarnain has also upgraded the earlier code by using as initial conditions the thruster exit plane results of 2-D PIC computations using the code developed by M. Fife and J. Szabo (IEPC 95-240, AIAA 97-3052), after verifying the basic accuracy of these results against available exit-plane data. This work is funded by Phillips Lab, Busek Co and the AFOSR.
HALL THRUSTERS ('EXPERIMENTAL')
The figures refer to a detailed near-plume probe survey of an SPT-70 thruster done by M. Fife recently at the Phillips Lab. A paper will be presented at the 34th JPC. The particular map shown gives the plasma density in a meridional plane, covering the first 4 cm. A noteworthy feature is the conical high-density region emanating from the thruster's exit plane center, which is very conspicuous visually as well. This feature is also reproduced by the results of PIC simulations, and is the result of many ion trajectories crossing on or near the symmetry axis. One other significant, but not well understood feature is an external electron temperature peak, about 1.5 cm in front of the exit plane. Work is underway to harmonize these data with Fife's own computational model. Other experimental work in progress involves V. Khayms' 50 watt Hall thruster (AIAA 96-3291), which was recently performance-tested at the AF Phillips Lab. We are temporarily withholding publication of the results, pending repetition to reduce some uncertainties in the measurements of the very low flow rates involved. The current results indicate peak efficiency of 27% at a specific impulse of 2070 s. validating plasma chemical kinetic models for use in electric thruster codes, and (2.) investigating coaxial pulsed plasma thrusters (PPT's).
Electric Propulsion Program at MIT
Validation of the plasma chemical kinetics models is accomplished by comparing measured conditions of nonequilibrium plasmas generated in the UTSI cascade arc facility with computer simulations of these nonequilibrium plasmas. The cascade arc was utilized to produce 50 A hydrogen arcs at absolute pressures of 2.0 and 6.0 psi. Spatially resolved spectral emission data were collected using a two dimensional Optical Multichannel Analyzer (OMA). Radial distributions of electron number density were determined by fitting theoretical line profiles to the experimentally measured Abel inverted emission line profiles. The measured electron densities were compared to values predicted by nonequilibrium cascade arc simulations using the UTSI Cascade Arc Plasma Simulation (CAPS) code. The experimental electric field has been accurately predicted by varying chemical kinetics in the CAPS code. Kinetic models used at the University of Illinois gave the best agreement with the cascade arc measurements for hydrogen at both pressures. Comparisons of the radial distributions of electron density for the 50 A hydrogen arc at 6 psi are shown on the figure. Similar results were obtained for the 50 A hydrogen arc at 2 psi. Electron number density profiles for simulated ammonia and hydrazine were also obtained for arcs at pressures of 2.0, 6.0, and 10.0 psi. These hydrogen/nitrogen mixture data can be used in comparisons with a hydrogen/nitrogen version of the CAPS code to be developed in the future. This work was supported by the Air Force Office of Scientific Research under contract #F49620-97-1-0223.
Two coaxial PPT's were designed at UTSI and tested at several initial stored energies. The overall thruster design utilizes the discharge within a conical cavity consisting of a copper cathode, a plastic propellant and a tungsten anode to produce a pulse of plasma. One nozzle has an exit diameter of 0.5 in., while larger nozzle is 0.75 in. at the exit; both thrusters have a 60° cone angle. A capacitive discharge circuit was designed and fabricated to power the PPT's. Two different propellants were used for the experiments, Teflon (CF 2 ) n and polyethylene (CH 2 ) n . The polyethylene was expected to give a higher specific impulse because of its lower average molecular weight. The exhaust velocity was measured using a two beam laser interferometer. In order to verify the correctness of the results with the interferometer, a high speed camera was used to obtain images of the exhaust plume from which the velocity could also be measured. The mass ablation was also measured to give an insight in the ablation behavior of the thruster over a broad initial stored energy range. Along with the values mentioned above, the voltage and current input into the thruster were also measured. Spectral measurements of the exhaust plume were also recorded. For the smaller nozzle, the measured exhaust velocity reached a maximum of 14.6 km/s using Teflon and 21.7 km/s using polyethylene. For the larger nozzle, the Teflon values were about the same (14.4 km/s), however, the exhaust velocity using polyethylene increased to 29.8 km/s. These results led to a conclusion that thermal processes dominate the acceleration of the plasma. Thrust efficiencies up to 10% for polyethylene and 5% for Teflon were measured for the large nozzle. MACH2 simulations of these PPT's are currently being run at UTSI. Using a preliminary radiation model, MACH2 overpredicts the exhaust velocity by about 57%. However, the simulations do capture important characteristics of the exiting plasma plume. 
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..t Closed drift Hall accelerators are known to exhibit a rich spectrum of transitory phenomenon which are believed to be critical to their operation. Using a variety of electrostatic probes, the structure (spatial and temporal) of these discharges has been probed within the ionization and acceleration zone (within the discharge channel). In the above figure, we illustrate some of the interesting transitory phenomenon and their variations with changes in operating conditions, captured using two low-impedance negatively-biased probes for ion collection (to map plasma density), separated azimuthally by 45°. The variation in the spectral plasma density fluctuations with position along the channel (the anode is at x = 0) for relatively low, moderate, and high specific energy operation are shown in the above Figures a) through c) . It is apparent that there is a significant variation in the spectral density fluctuations with both position and operating conditions. At low specific energy (corresponding to operation along the ionization branch of the current-voltage characteristic of the discharge), strong disturbances at frequencies of approximately 25 kHz (and higher harmonics) are seen near anode. At relatively high specific energies (corresponding to operation along the current saturation branch of the current-voltage characteristic), these 25-30 kHz waves are overtaken by lower frequency (-10 kHz), stronger disturbances that are widespread and throughout the channel. An examination of the cross-correlation of the two probe traces, see Figures (d) through (0 indicate that the low frequency disturbances at high specific energies are strongly correlated, representing homogeneous fluctuations in plasma density. The disturbances at lower specific energies are also highly correlated, and represent azimuthal traveling waves, with velocities near the E x B electron drift velocities, presumably excited by the Hall drift current, and likely to be important in the cross-field electron transport. Understanding the relationship between the structure seen in these discharges and the mechanism for operation and ion acceleration is the primary aim of this research. The development and application of non-intrusive laser methods of probing Hall discharges offer the opportunity to probe the structure of these devices in regions that are inaccessible with electrostatic probes. Furthermore, they offer the ability to measure properties such as ion and neutral xenon velocities, and temperature that would be difficult to obtain otherwise, in the near-field and channel of the discharge. In recent years, we have been developing laser-induced fluorescence (LIF) methods of interrogating these complex flows. By using a narrowband Nd:YAG-pumped Ti: Sapphire laser and an Ar+-pumped ring-dye laser tuned to perform selective excitation of an appropriate electronic transition in neutral and ionized xenon, the laser fluorescence collected will reflect the plasma properties in the excitation line shape. When the laser beam is directed into a flowing plasma, the excitation line shape will be broadened and Doppler shifted due to the velocity distribution of the absorbers along the component direction of the incident laser beam. The mean velocity and temperature can be extracted from this distribution.
As an example, the above figure shows the measured velocity variation with axial position for both neutral and singly-ionized xenon. For the neutral xenon measurements, the laser is tuned to excite the 6 823.2 nm. For the ionized xenon measurements, it excites the 5 D 7/2 -6 P 5/2 electronic transition at 605 nm. We note that in this particular Hall discharge (channel length of 14 mm, cathode plane located at 20 mm from the exit plane), operating at a voltage and current of ~ 65 -85V and ~4 -5A respectively, we see that the ion acceleration takes place outside of the channel, and that the neutral xenon is also accelerated, presumably through charge exchange collisions with the fast-moving ions. Further evidence of these charge transfer collisions is apparent in the measured velocity distribution functions of the ions. The apparent drop in neutral xenon velocity at a position of 2 cm is an artifact of the introduction of the slower moving xenon from the cathode. These measurements compliment measurements of time-averaged space potential made using Langmuir probes to provide us with the detailed structure of the time-average plasma in the near-field of these devices.
$This research is supported by the US Air Force Office of Scientific Research HALL THRUSTER AND ION THRUSTER/CATHODE RESEARCH AT THE PLASMADYNAMICS AND ELECTRIC PROPULSION LABORATORY Alec D. Gallimore University of Michigan
Hall Thruster Research at PEPL At PEPL hall thruster plume transport properties are characterized with probes, mass spectroscopy, microwave and optical diagnostics. Research on a 5-kW-class SPT is under development with the Air Force Research Lab. The 6 m by 9 m PEPL primary test facility is being upgraded by adding four CVI TM-1200 internal cryopumps for a measured xenon pumping speed of over 140,000 1/s, and a base pressure in the low 10~7Torr range. PEPL's optical diagnostics capability is enhanced by adding a Laser Induced Fluorescence (LIF) system built around a UV-capable argon ion laser (Coherent Innova Sabre R 20/4) pumping a ring dye laser (Coherent 899-29) . A propellant-less Field Emitter Array cathode is under development for hall thrusters. Figures show the 5 kW SPT designed at PEPL and built at the AFRL. The plume ion energy data is taken 1 m from a SPT-100 with a mass spectrometer. The plot shows the existence of multiplycharged xenon ions and suggests that charge-exchange collisions within the thruster plume could account for the high-energy ions detected by energy analyzers. This research is sponsored by AFOSR.
Ion Thruster Research at PEPL
We are developing a comprehensive thermal model of the NSTAR ion thruster. A low-power, low propellant-consumption hollow cathode for ion thrusters, hall thrusters, and the Space Station is also being developed. The PEPL cathode test facility has been upgraded by adding a cryopump and a high-fidelity propellant feed system. Developments on laser-based erosion diagnostic systems for ion thrusters are underway.
The top figure shows heat flux from the NSTAR ion thruster operating at 2.3 kW. The space environment was simulated by surrounding the thruster with a box with an emissivity of 1.0 and a temperature of-273 degrees C. The bottom figure presents thermography data taken at a wavelength of 10.6 microns. The actual infrared image of these data are taken from the gray-scale picture. The photograph of the cathode is provided for reference. The research examines the effects of ion optics parameters such as grid dish depth and beam current on charge exchange production of ions in an ion thruster beam plasma. Numerical modeling yields the lowenergy ion current density distribution at the boundary of the beam. This information can be used to compute fluxes of contaminating ions on spacecraft surfaces. A study of alternate propellants for ion thrusters suggests that the C^, molecule is probably not a suitable ion thruster propellant for low specific impulse missions, as early studies suggested it might be. It has been found that C 60 not only fragments in a plasma discharge but forms negative ions. Both effects yield poor performance as demonstrated in this experimental work that employed both DC and radio frequency discharge chambers. This experimental study has developed a hollow cathode that can be operated at near-ambient cathode temperatures. Teflon is the expellant currently being used. Using a solid propellant enables operation without a gas handling and storage system. This research is conducted by D. Burtner.
ELECTRIC SPACE PROPULSION RESEARCH AT THE SPACE POWER INSTITUTE

Ivana Hrbud Auburn University
The Space Power Institute is involved in a wide range of power and propulsion activities including: energy storage device development (fuel cells, supercapacitors, TP power generation); space diagnostics and hypervelocity impact; advanced propulsion techniques; power conditioning, control, and management; microelectronics; thermal management modeling; advanced material technology, and metal casting. For the past five years, electric space propulsion research has been conducted at the Institute which was motivated by the New Millennium Program initiated by NASA in 1994. During this period, we have achieved significant accomplishments in a multitude of areas such as innovative power and storage systems (capacitor technology), power train/network simplification, thruster and mission performance, etc. In particular, we have successfully demonstrated the operation of a Hall-ion thruster (TAL/D-55) in a long-pulse, direct-drive mode. The TAL was directly powered by energy stored in a chemical double layer (CDL) capacitor bank which would be charged from the solar panel bus with minimal network circuitry. This allowed thrust generation for 3-6 minutes and subsequent parametric analysis revealed competitive performance characteristics. A mission analysis on the ORACLE spacecraft was performed to further evaluate the concept and compare with other propulsion schemes. The results showed a major advantage when compared with the other electric propulsion approaches considered in this analysis. The power needed to be generated on the spacecraft for electric propulsion is extremely reduced in direct-drive operation. This has major consequences on cost, complexity, mass/volume/area (solar panels), drag, mission profile, etc. of the spacecraft. The results of other target characteristics considered in the mission analysis showed competitive performance of all propulsion options taken into account. Other research projects involve alternative capacitor technology for energy storage and power system options in pulsed plasma thruster (PPT). Multi-layer ceramic (MLC) capacitors promise to be viable candidates which used in a Marx bank concept could give rise to many benefits/advantages (such as low power demand on spacecraft, low charge voltages, packaging, minimizing unintentional high voltage breakdown, etc.). We investigated the mass x (times) volume factor of MLC capacitors and present capacitor technology used in PPT operation. This alternative capacitor technology has the potential to lower this factor by 1 to 2 orders of magnitude. In preliminary tests, we operated a MLC unit with discharge currents exceeding 10 kA at a charge voltage of 350 V.
Due to the background of the Institute, our main objectives are to explore a wide range of power system options which will reduce cost, mass/volume, complexity and increase application range, lifetime, reliability of electric propulsion systems. Our present and future foci are pulsed plasma thruster, power(-on-a-chip) and thrusteron-a-chip, and their individual power systems. 
PLASMA PROPULSION RESEARCH AT PRINCETON UNIVERSITY'S EPPDyL
Edgar A. Choueiri Princeton University
Low Power: The Gas-Fed Pulsed Plasma Thruster. Five generations of gas-fed pulsed plasma thrusters (GF-PPTs) have been designed, built and studied at EPPDyL over the past two years in collaboration with Science Research Labs. The GF-PPT offers performance and operational advantages over the ablative PPT at the price of higher complexity. The low mass utilization efficiency problem that plagued previous gas-fed pulsed thrusters was solved using a scheme based on high repetition rate pulsing of the discharge. This past year the focus of the experimental work has been on: 1) raising the thrust-to-power ratio at fixed efficiency, 2) studying the effects of discharge initiation and symmetry on the performance and 3) quantifying the effects of testing environment contamination on performance measurements at low mass bits (below 1 (ig/shot). On the theoretical front, a detailed parametric description of the scaling of GF-PPT performance was found as a function of five non-dimensional scaling parameters derived by applying dimensional analysis on a model that is based on an inductor-capacitorresistor (LCR) series circuit analog for energy addition, and a "snow-plow" model for mass accumulation and momentum conservation. The model includes a spatially exponential initial mass distribution and a contoured outer electrode. A numerical solution can be found when the following five non-dimensional scaling parameters are specified: the resistance parameter, \j/, is a ratio of the circuit resistance to the critically damped circuit resistance. The dynamic impedance parameter, a, is a measure of how quickly the inductance is changing in the circuit. The initial mass parameter, p () , is related to the fraction of mass taken up initially by the current sheet. The mass distribution parameter, y, is the spatial exponential constant in the overall mass distribution. The electrode geometry parameter, X, is a measure of the slope of the outer electrode. After many calculations spanning over the nondimensional parameter space, parameter values that maximized performance were found. The figure above, for instance, shows how small values of the resistance parameter lead to high values for the efficiency and thrust-topower ratio. Also, when the resistance parameter is small, an optimum value of the dynamic impedance parameter exists near a = 1. In general, large values of the dynamic impedance parameter lead to high efficiencies, however the electrode length to achieve these values can be too large. The parametric study led to many other prescriptions for improving the performance of PPTs.
High Power: The Lithium Lorentz Force Accelerator. The Li-LFA is the new generation steady-state magnetoplasmadynamic thruster (MPDT) that uses a multi-channel cathode and lithium propellant to provide high efficiency and long lifetime previously unattainable with gas-fed MPDTs. Under JPL sponsorship, a 30-100 kW level thruster has been developed in collaboration with Thermacore Inc. The thruster has a novel lithium mass flow rate system that relies on advanced heat pipe technology and calorimetry to allow control of the mass flow rate of lithium vapor (at and above 1000C) without any mechanical or moving parts. Recent work focused on 1) detailed thermal modeling of the device, 2) improvement of the cathode heating scheme and 3) development of specialized diagnostics including multi-color pyrometry, CCD-based emission spectroscopy and a new water-cooled thrust stand for performance characterization in the 100 kW range. •Lifetime test in Russia: 500 hrs at 500 kW (NEGLIGIBLE EROSION) 
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